Hollow cylinders with a diameter in the nanometer range are carving out prime positions in nanoscience. Thanks to their physico-chemical properties, they could be key elements for next-generation nanofluidics devices, for selective molecular sieving, energy conversion or as catalytic nanoreactors. Several difficult problems such as fine diameter and interface control are solved for imogolite nanotubes. This chapter will present an overview of this unique class of clay nanotubes, from their geological occurrence to their synthesis and their applications. In particular, emphasis will be put on providing an up-to-date description of their structure and properties, their synthesis and the strategies developed to modify their interfaces in a controlled manner. Developments on their applications, in particular for polymer/imogolite nanotubes composites, molecular confinement or catalysis, are presented.
.1. (a) Soil profile from Kiwadashima, Tochigi, Japan, (b-c) Optical observations of gel films (white arrows) found in the 2Bw1 and 3Bw5 horizons, respectively, (d) Typical transmission electron microscopy (TEM) micrograph of imogolite extracted from the gel-like film, in association with allophane (spherical particles). Adapted with permission from [3] .
Since its first description in 1962, imogolite was found to occur worldwide either in almost pure form as macroscopic gel-like films in weathered pumice beds [6] [7] [8] [9] or in B horizons of allophanic Andosols as a typical weathering product of pyroclastic materials under a humid climate and well-drained conditions [10] [11] [12] [13] [14] [15] [16] . However, the occurrence of natural imogolite is not restricted to volcanic ash soils since it was later recognized in podzolized horizons of Spodosol, formed from non-volcanic parent materials in colder regions of the world [17] [18] [19] [20] [21] . Although the mechanisms of imogolite formation in natural environment are not fully elucidated, it is well admitted that the presence of volcanic ash in these soils may enhance their formation since the dissolution of volcanic glass provides a readily available source of soluble silicic acid (H 4 SiO 4 ) [19] . Beyond Earth deposits, imogolite was recently found in the layered outcrops at Mawrth Vallis in Mars, suggesting a period of rapid weathering and it is believed that it could be used as a marker in the evolution of the Martian climate [22, 23] .
Prior to use, natural imogolite needs to be extracted from parent material, which usually contains organic and inorganic impurities, as schematically described in Figure  5 .2 [24] . Typically, soils samples are treated with an aqueous solution of hydrogen peroxide to remove organic contaminants, followed by citrate-bicarbonatedithionite treatment to dissolve extractable oxides. Purified imogolite gels are then washed by centrifugation and redispersed in weak acidic solution. Finally, air-drying or freeze-drying processes are often applied to obtain a cotton-like substance for further characterization but packing of nanotubes in bundles may occur during such processes, which may impede their full dissociation afterwards.
Transmission Electron Microscopy (TEM) observations remain the most common approach to identify imogolite minerals in soil samples. Typical TEM micrograph is presented in Figure 5 .1d, showing the characteristic thread-like morphology of imogolite bundles, each thread consisting of bundled "fibre" units with diameter between 2 and 3 nm [8, 25, 26] . In 1970, Wada et al. [27] were the first to propose, thanks to improvements in TEM experiments, that the parallel lines observed in TEM micrographs represent the walls of a hollow tube rather than a fibre structure. micrographs, that the unit fibre is a hollow tube, opening new perspectives in the determination of the imogolite structure.
The structure of imogolite nanotubes (INT) was solved in 1972, in an article which brought together the different teams previously involved in its structural analysis [30] . Its nominal composition is (OH) 3 Al 2 O 3 Si(OH), where hydroxyls groups and atoms are labelled here from outside to inside the nanotube. Imogolite nanotube consists of a curved di-octahedral gibbsite-like layer (Al(OH) 3 ) with isolated (SiO 3 )OH tetrahedron units connected via covalent bonding between three mutual oxygen atoms, as it is shown in Figure 5 .3a. The curvature effect can be understood in a ultra simplified way by noting that the distance between adjacent oxygen atoms on the tetrahedron is shorter than that on the planar gibbsite-like sheet. Rolling would thus allow adjusting the distances. The gibbsite-like sheet is rolled in such a way that aluminium octahedra have a zig-zag arrangement perpendicularly to the nanotube axis, as it is highlighted in Figure 5 .3a. The nanotube structure is characterized by the number N of octahedra along such a zig-zag circumference. In their seminal article on the structure of natural imogolites [30] , Cradwick and co-workers could not determine the exact value of N between N = 10, 11 and 12. It has not yet been done unambiguously since then, despite intensive research. The diameter of imogolite nanotubes obtained artificially (see section 5.3) is slightly larger than that of natural imogolite nanotubes, indicating larger N values.
As already mentioned, X-ray scattering diagrams of imogolite nanotube samples consist of a limited number of broad modulations. It is not due to a poor crystallinity of imogolite, as it was first assumed, but to the nanometric lateral extend of the nanotubes. A methodogy was recently proposed to determine their atomic structure determination from wide-angle X-ray scattering experiments [31] . Monet et al. applied the methodology to methylated imogolite nanotubes, where methyl groups replace the inner hydroxyl groups (see section 5.3). They evidenced a different rolling mode for these modified imogolite nanotubes, with an 'armchair' arrangement of the aluminium octahedra along the tube circumference, as it is illustrated in Figure 5 .3b [31] . The family of imogolite nanotubes can be extended to methylated imogolite nanotubes or to germanium-based imogolite nanotubes, where silicon is replaced by germanium (see Section 5.3). With diameters of the order of the nanometer, INTs can be considered as true inorganic analogs of the well-known carbon nanotubes. But contrary to single-walled carbon nanotubes or other inorganic single-walled nanotubes such as BN or MoS 2 ones [32, 33] , whose strain energy decreases monotonically with increasing diameter, INTs present a well-defined energy minimum as a function of their diameter or of their chirality [31, [34] [35] [36] [37] [38] [39] .
It is worth concluding this paragraph by emphasizing the singularity of imogolite compared to other clays. Let's briefly compare it here to halloysite presented in Figure 5 .4 (for a review article about halloysite, see e.g. [40] ). Halloysite is generally polydisperse and does not form single-walled nanotube like imogolite. The wall of an halloysite multi-walled nanotube (or nanoscroll, see Figure 5 .4b) has nominal formula Al 2 Si 2 O 5 (OH) 4 . It consists in a gibbsite-like sheet with which SiO 4 tetrahedra share only one oxygen atom ( Figure 5 .4a). In other words, tetrahedra are head to toe in imogolite and in halloysite. Tetrahedron orientation in imogolite is exceptional for a clay mineral. The external surface of halloysite is covered by polymerized SiO 4 tetrahedra forming a true layer [41] , while it is the internal surface of imogolite, which consists in a silicon-based sheet. It is covered by isolated SiO 3 (OH) tetrahedra, a unique feature for a clay. 
Physico-chemical Properties of Imogolite
The structure of imogolite is at the origin of its peculiar properties. Probably the most significant behavior of imogolite nanotubes is their monodispersity in diameter and chirality [30, 31] . It is a major advantage for the detailed study of their physicochemical properties or the development of some targeted applications (see section 5.4). Concerning their electronic properties, Bursill et al. were the first to suggest a large electronic band gap structure for imogolite [42] . According to different simulations, aluminosilicate nanotubes are insulators with a calculated band gaps higher than 4 eV [36, 38, 43, 44] . Several efforts have therefore been prompted recently to reduce the band gap, in particular by doping the imogolite structure via isomorphic substitution [45] [46] [47] (see section 5.3).
Like other clay minerals, imogolite is subject to dehydroxylation and high temperature structural transformations. Its thermal stability is relatively low with dehydroxylation occurring at temperatures above T > 300°C [1, 8, [48] [49] [50] . Dehydroxylation process actually preludes to subsequent structural collapse. Further heating treatment led either to the occurrence of an X-ray amorphous phase [51, 52] or to a lamellar phase [49, 53] , corresponding to the partial breakdown of the nanotube structure. At even higher temperatures, thermogravimetric analysis (TGA) of INTs exhibits an exothermic peak above 950°C. It was first related to the formation of -alumina [1] . It seems however to correspond to a mullite crystalline phase (3Al 2 O 3 .2SiO 2 ) [52] .
As far as the imogolite stability is concerned, knowledge of its mechanical properties is of prime importance towards future developments in material science. Several computational studies have reported that the Young modulus of INTs, characterizing the stiffness of the nanotube, is in the range 100-300 GPa [36, 38, 54, 54] , i.e. it is of the same order of magnitude as for halloysite (140 GPa) [55] , MoS 2 nanotubes (150 GPa) [56] or chrysotile (160-280 GPa) [57] . However, experimental studies of INT mechanical properties are still missing. Moreover, the possible existence of various types of defects in the imogolite wall [58] may strongly modify the mechanical properties of the nanotubes [59, 60] . There are several indications that imogolite nanotubes can easily deform, more specifically when they are assembled in bundles. Molecular dynamic calculations performed on aluminosilicate imogolites show that the basis of interacting nanotubes can deform to become oval [34, 61] . Recent numerical calculations [59] also indicate that partial dehydroxylation of the inner surface silanols of the aluminosilicate nanotube should induce substantial deformations of the nanotubes. The authors concluded that the control of the degree of dehydroxylation by heat treatment may allow one to tune the electronic and mechanical properties of imogolite nanotubes [59] . From an experimental point of view, Amara et al. [62] gave the first evidence of a deformation, namely hexagonalization, of imogolite nanotubes at room temperature, when they are assembled in bundles, thanks to a systematic method developed to analyze X-ray scattering diagrams as a function of the nanotube shape.
It was early recognized that imogolite nanotubes present interesting colloidal properties. In their seminal paper, Yoshinaga and Aomine evidenced that INTs aggregate in concentrated NaCl solutions with a jelly-like appearance, while air-dried INTs recover their swelling properties in weak acidic suspensions (pH < 4) [1] . It is now well proved that imogolite can form transparent gels, which generally fill instantaneously the whole suspension volume by fast coagulation mechanisms [63] . Furthermore, suspensions of imogolite nanotubes form a true liquid-crystalline nematic phase at very low volume fractions, either for natural [64] [65] [66] [67] or synthetic imogolite nanotubes [68, 69] , as expected for highly elongated colloidal nanorods. Moreover, Paineau et al. discovered that, at slightly higher imogolite concentration, INTs also form a liquid-crystalline hexagonal columnar phase ( Figure 5 .5a), which is much more stable to dilution than reported so far in literature [69] . Thanks to its low visco-elasticity, this columnar phase is easily aligned in an alternating electric field, in contrast with usual columnar liquid-crystal phases [70, 71] (Figure 5 .5b). This significant advantage could be exploited for the elaboration of anisotropic nanocomposite materials (see section 5.4). Furthermore, imogolite nanotubes present high capacity to bind anions as originally evidenced in geological context [72] [73] [74] [75] . Electrophoretic measurements reveal that the outer-surface charge of imogolite is positive over a wide range of pH, with point of zero charge (PZC) values higher than 7 [73, [76] [77] [78] , which can be used to control nanotubes bundling by anion condensation. Recent X-ray scattering measurements confirmed this assumption [79] . It was shown that, even at low ionic strength, imogolite nanotubes tend to organize in small bundles after solvent evaporation. Altogether, experimental observations on liquid crystal phases [69] as well as those on nanotube bundling [79] strongly suggest the dominant role of electrostatic interactions between imogolite nanotubes. Gustafsson proposed that the structural charge may arise from elongations of Al-O bonds or shortening of Si-O ones, inducing a weak positive (negative) charge on the outer (inner) surface of imogolite [80] , an hypothesis confirmed with density functional theory (DFT) simulations [36, 38, 39, 44] .
Synthesis and Modification of Imogolite 5.3.1. Synthesis of Imogolite Nanotubes
From an industrial point of view, the main drawback of natural imogolite is that they do not form large deposits compared to other natural one-dimensional clay minerals, such as halloysite, sepiolite or palygorskyte [40, 81, 82] . But their synthesis was developed quite quickly after their discovery. Farmer et al. [83] [84] .
The first one consists in the hydrolysis of Al and Si precursors by the addition of a NaOH solution under vigorous stirring. In a second step, the pH is adjusted to 4.5 by addition of a mixture of HCl and acetic acid promoting condensation of Al and formation of roof-tiled imogolite precursors, also referenced as proto-imogolite [85] [86] [87] [88] [89] . Let's note here that Denaix et al. showed that this step can be skipped by controlling the NaOH concentration up to an hydrolysis ratio [OH]/[Al] = 2 [84] . The third step consists in ageing the solution under hydrothermal conditions either by reflux or in autoclave to allow the growth of nanotubes. After sufficient time, the product is recovered at room temperature and purified by washing against water (step 4) ( Figure 5.6 ). It should be underlined that compared to carbon nanotubes synthesis, the synthesis of imogolite is a low temperature process.
Since Farmer et al. article [83] , several improvements have been proposed to increase the purity and the yield of the synthetic product by changing either the nature of the precursors, their concentration or their stoichiometric ratios [90] [91] [92] [93] [94] [95] [96] . Furthermore, several authors reported that the formation of imogolite nanotubes might depend on the step durations [83, 97, 98] , by changing the temperature of the synthesis [99, 100] or by modifying the method of heating [101, 102] .
Imogolite synthesis is commonly performed with Al alkoxide (ASB: aluminum trisec-butoxide), AlCl 3 or Al(ClO 4 ) 3 precursors, the latter offering a lower complexity ability, hence reducing the formation of by-products [103] . Although different Si sources have been explored [83, 92, 104, 105] , the use of alkoxide such as tetraethoxysilane (TEOS) is recognized to promote imogolite growth [51] due to its slow condensation kinetics. In addition, it was shown that a slight excess of Si precursor could inhibit the formation of aluminium hydroxides such as gibbsite or boehmite [90, [106] [107] [108] . Moreover, several authors suggested that higher concentration of precursors or the nature of the counter-ions could prevent tube formation while promoting spherical-like nanostructures such as allophanes [96, [108] [109] [110] [111] . The synthesis of INTs thus requires careful adjustments.
Modification of Imogolite Nanotubes
An advantage of INTs over other nanotubes is that one can tune its morphology and wall chemistry by straightforward approaches. Yucelen et al. [88] suggested that the diameter of imogolite nanotubes can be changed by controlling the shape of nanometer-scale precursors formed in the early stage of the synthesis by changing the nature of the protic acid used (HCl, HClO 4 , CH 3 COOH) ( Figure 5 .7a). One of the most blatant progress in INT synthesis is probably the replacement of silicon by germanium through isomorphic substitution ( Figure 5 .7b). Initially explored by Wada [112] , the synthesis of aluminogermanate INTs (Ge-INT) has mainly risen in recent years [106, 107, 113] . Ge-analogues are produced in large quantities from decimolar initial concentrations [113] . Furthermore, Maillet et al. [114, 115] evidenced that Ge-INTs could exist not only as single-walled (SWINT) but also as double-walled imogolite nanotubes (DWINT) depending of the initial concentration of aluminum precursor [116] . The produced Ge-based imogolite nanotubes were shorter than Sibased ones but Amara et al. [117] recently reported the synthesis of micron-long germanium-based imogolite nanotubes by producing the hydroxyl ions by thermal decomposition of urea (CO(NH 2 ) 2 ), bypassing the process of slow injection of NaOH. The inner diameter increases from ~ 1.5 to 3 nm from Si to Ge single-walled INTs. SWINT diameter can be tuned finely by adjusting the concentrations in initial Si and Ge precursors, thus changing the substitution ratio [Si]/([Si]+[Ge]) [37, 118, 119] . Based on these promising results, other isomorphic substitutions have been recently investigated, in particular by partially replacing Al 3+ by Fe 3+ in the outer wall [46, 47, 120, 121] . Although these improvements do not imply significant change of the nanotube diameter (up to 1% of doping rate) [47] , the effect of Fe incorporation acts as specific coordination centers for organic moieties and modifies the electronic properties of the nanotubes by decreasing the band gap, even for low substitution rates [45] . Other isomorphic substitutions have been proposed from the point of view of theory, either by replacing both Al and Si atoms by elements of groups III (Ga, In) and IV (C, Ge, Sn) [122] or by substituting the inner tetrahedrons by phosphorous and arsenite derivatives [123] , but it remains to be implemented experimentally.
Surface Functionalization of Imogolite Nanotubes
An interesting feature of INTs is the high density of hydroxyl groups on their outer surface (~18 OH/nm 2 ), offering multiple binding sites for external surface functionalization. Depending on the intended application, it is often necessary to make INTs compatible with organic matrix. Hence, surface functionalization of INTs has been widely explored, as compiled in recent reviews [24, 124, 125 ]. An efficient way to modify a metal oxide surface is to use phosphonate derivatives [126] . This issue has been extensively studied [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] since 2001 and the first report of the chemisorption of octadecylphosphonic acid onto the outer surface of imogolite nanotubes [127] . Successful grafting of organic moieties can be evidenced by dispersing unmodified and modified nanotubes in organic solvents ( Figure 5.8 ) [131, 135, 137] . Grafting of carboxylates [128, 138, 139] and sulfonates [140] groups have also been reported with similar results as with phosphonates. Otherwise, the use of silane as coupling agent appears to be controversial because the moieties remain hydrolytically labile and are totally removed after several days of dialysis [141, 142] . Beyond chemisorption, chemical vapor deposition (CVD) [143, 144] or -ray irradiation [145, 146] have also been considered.
The inner hydrophilic cavity of INTs can also be functionalized by a post-synthesis chemical modification. Post-functionalization can be obtained with different silane agents such as (3-aminopropyl)triethoxysilane (APTES), methyltrimethoxysilane (MTMS) or trichlorosilane (TCIS) but also with acetyl chloride after dehydration of the hydrophilic INT samples at sufficiently high temperature [142, 147] . However, the degree of inner surface substitution is lower than 35% [147] . On can also use direct, template-free, synthesis route by replacing, the initial alkoxide (prefiguring the tetrahedral layer) by a functionalized one ( Figure 5.7c ). Hydroxyl groups can be replaced by methyl [148] or amino [149] groups. Like for unmodified INTs, a dependence of the inner cavity diameter with the substitution of Si by Ge could be expected in hybrid nanotubes. Amara et al. [150] demonstrated that hybrid imogolite with methylated inner cavities can be obtained with Si to Ge endmembers (Figure 5.9 ) and that the inner diameter increases progressively with decreasing the ratio Methylation of the inner cavity not only offers control over the surface properties but it also leads to a drastic structural change of the chirality of the nanotube (see section 5.2) [31] . Interestingly, Bahadori et al. recently considered the possibility to prepare novel Fe-doped imogolite nanotubes with methylated inner cavity, combining two type of isomorphic substitution [151] .
In brief, the synthesis of imogolite-like nanostructures of the type (OH) 3 
(Al 2-
x M x )O 3 (Ge 1-y Si y )R (with M = Fe 3+ , Ga 3+ …; R = -OH, -CH 3 , -CH 2 NH 2 …) offers a unique system of 1D nanostructures with monodisperse sizes and adjustable aspect ratio.
Applications in Functional Materials

Reinforcement of Polymer Materials
With their well-defined morphologies and their easy surface functionalization, imogolite nanotubes have emerged during the last decades as serious candidates for reinforcing polymer nanocomposites by using various type of polymers in the form of films or membranes and very recently in the form of fibres (Table 5 .1). Imogolite nanotubes have often been mixed with poly(vinyl alcohol) (PVOH) since PVOH/INT mixtures can be processed readily from aqueous solutions. PVOH/INT blend films were successfully prepared but the incorporation of imogolite nanotubes has only a slight influence on both Young modulus and tensile strength properties of the nanocomposite [152, 153] . Similar enhancement of mechanical properties was also observed with poly(methyl methacrylate) (PMMA) [137] and poly(acrylic acid) (PAA) nanocomposites [145, 146, 160, 161] . However, incorporation of PMMA grafted INT into poly(vinyl chloride) (PVC) films reveal that the reinforcement is strongly dependent on the interfacial adhesion between the functionalized nanotubes and the polymer matrix [159] . In addition to reinforcement in solid materials, the combination of imogolite with various polymers also yields homogeneous hydrogels exhibiting thixotropic behaviour, hierarchical ordering as well as reversible isotropicanisotropic structural transitions in response to strain [138, 139, 161, 163, [167] [168] [169] . Imogolite hydrogels can also be prepared with biomacromolecules [170, 171] for encapsulation and/or for sustained release of enzymes or model drugs [172, 173] .
Molecular Selectivity and Storage
Beyond their use as fillers for reinforced materials, imogolite nanotubes also present a promising potential for molecular confinement applications thanks to their well-defined diameters and interfaces. Imogolite nanotubes were proposed as an efficient molecular sieving material, especially for gas adsorption and storage [104, [174] [175] [176] [177] . Interestingly, the selective functionalization of the inner interface (see section 5.3.3) results in dramatically enhanced molecular selectivity over CO 2 /CH 4 and CO 2 /N 2 [149] . Methylated-modified imogolite nanotubes can also be used in aqueous suspensions for trapping organic molecules [135, 150] . INTs could finally be employed as tuneable building blocks for filtration applications by reverse osmosis [178] . In combination with their compatibility with different polymer matrix, the fabrication of imogolite-based membranes has started to receive more intention recently. In this framework, several studies reported that addition of imogolite nanotubes in water filtration membranes ( Figure 5.11 ) induces a substantial increase of the water flux while achieving significant ion exclusion [155, 156, [164] [165] [166] . However, the mechanisms involved in the enhancement of the membranes performance remain to be carefully investigated from the viewpoint of fundamental science. In particular, no studies has clearly established whether water molecules diffuse through or around imogolite nanotubes incorporated in the matrix. 
Environment Field
Imogolite nanotubes were recognized as good adsorbents very early on, especially in environmental context where they present high capacity to bind anions and metallic cations. Parfitt et al. [72] reported that natural imogolite (pumice beds) are capable of fixing large amounts of phosphates up to 120-250 µmol.g -1 . They suggested that the adsorption mechanism is related to a ligand-exchange reaction at the surface of imogolite nanotubes. Similar mechanisms have been invoked for the adsorption of metallic cations (Cu 2+ , Pb 2+ , UO 2 2+ ) on the outer surface of INTs [84, 179] . On the other hand, Levard et al. [180] revealed incorporation of Ni species into the octahedral vacancies of the external INT wall.
The immobilization of different noble metals nanoparticles on specific sites of the external surfaces was also investigates by Liz-Marzan and Philipse [91] . In that case, imogolite nanotubes in aqueous media act as a solid support, being effective to stabilize the formation of Pt, Au, Ag and bimetallic nanoparticles [181, 182] . These results pave the way towards potential uses of imogolite nanotubes for water treatment [183] [184] [185] [186] , antimicrobial agents [187, 188] , transparent dressings [189] and for catalysis applications [190] .
Catalysis
It was suggested early that INT may act as a catalyst [51] . But, despite the many progresses achieved in the synthesis of imogolite nanostructures, this field remains relatively unexplored. The first published example is probably the one on the coupling of Cu species with INT [190] that induces a higher activity in the decomposition of tert-butyl hydroperoxide than with unloaded imogolite or with Cu-SiO 2 materials. Katsumata et al. investigated complex Cu 2+ -grafted TiO 2 /INT composites which exhibit very efficient absorption and photodecomposition rate of acetaldehyde [191] . Imogolite nanotubes and their derivatives have also been used for hydroxylation of olefins [192] , catalytic oxidation of aromatic hydrocarbon [193] isomerization of glucose to fructose [194] or photo-degradation of azo-dyes [151, 186] , although using dyes for evaluating photocatalytic properties remain controversial [195] .
On the theoretical background, DFT calculations reveal a most interesting feature specific to imogolite structure. INTs bear a tunable permanent polarization of their wall and a real-space separation of the valence and conduction band edges is highlighted [38, 39] . Characterization of the nanotube band separation and optical properties reveal the occurrence of near UV inside-outside charge-transfer excitations, which may be effective for enhanced photocatalytic activity [44, 196] . In spite of previous use of INTs as catalyst support (see section 5.4.3) and preliminary results on the performance of INTs for photo-catalytic decomposition of organic dyes [151, 186] , to date this subject is still to be explored.
Environmental Health and Safety
Only few experimental studies have been performed on the cytotoxicity and genotoxicity of natural and synthetic imogolite nanotubes compared to carbon nanotubes for instance. In vitro tests performed on aluminosilicate nanotubes reveal that imogolite are internalised into murine macrophage cells and induce a low dose and time-dependent cytotoxicity, but to a lesser extent than single-and multi-walled carbon nanotubes [197] . A high toxicity effect of INT to lung cell cultures was reported by Farmer et al 1983 but without mentioning the dose administered [51] . Recent investigations do not show any genotoxic effect except for a decrease in DNA integrity observed in airway epithelial cells and for the highest dose (80 μg.cm -2 ) [197] . By contrast, Liu et al. investigated the effect of Ge-imogolite nanotubes (average length: 6 and 51 nm long) on human fibroblast culture [198] . The authors observed higher internalization rates in the case of low aspect ratio Ge-INTs without decreasing the cell viability. However, these short nanotubes seem to induce significant lesions of DNA, mainly through oxidative stress while INTs with higher aspect ratio exhibit a weaker genotoxicity [198] . To go further, the respiratory biopersistence and lung toxicity of Ge-SWINT and Ge-DWINT with length of ~70 nm were evaluated in vivo and compared with crocidolite particles [199] . The results showed that Ge-INT are biopersistent and promote genotoxicity, sustained inflammation and fibrosis in lung cells, with effects more severe than those induced by crocidolite [199] . Care should be exercised in handling powders or freeze-dried imogolite samples, which are readily dispersed in air.
Attention should also be paid to the fact that the biological medium can strongly modify the physico-chemical properties of imogolite. Indeed, hydroxyl groups on the outer wall of imogolite nanotubes may interact either by bonding ionic species [73, 79] , present in the biological medium or by interacting directly with phosphonic acid groups of biological polymers [170] . Future research is necessary to confirm these hypotheses and they will rely on the recent progress made on the synthesis of various imogolite-like nanostructures with well-defined morphologies.
Suggestions and Future Prospects
We have shown in the previous sections that imogolite is naturally present but widely dispersed in environment, thus limiting its applications. The major breakthrough for using INTs was certainly their easy synthesis by sol-gel methods under mild conditions, a prerequisite for developing green materials. Such approach induces some drawbacks. Indeed, in the case of aluminosilicate imogolite nanotubes, the starting precursors are easily accessible and inexpensive, but often yielding low quantities of nanotubes. The situation is reversed in the case of aluminogermanate INTs.
It is now possible designing innovative INTs with modular interfaces in a predictive way, which has recently led to some progress the field of imogolite-based functional materials. Imogolite-like nanotubes can be considered as a flexible building block with multipurpose applications (nanocomposites, stimuli-responsive materials, (photo)catalysis, ion adsorption, molecular separation and storage…). It is interesting to note also that most of the applications explored up to now do not fully exploit all properties (controlled morphology, tuneable interfaces and colloidal proeperties) of these peculiar nanostructures. For instance, a future trend could be to combine the well-defined morphology of INTs with their ease to self-organize to produce novel nanocomposites and artificial ion channel devices, as was done recently with carbon nanotubes [200, 201] . Finally, recent DFT calculations [44, 196] showed that imogolite nanotubes display a real-space separation of the valence and conduction bands, which may be effective for electron-hole pair (e*-h) separation and enhanced photocatalytic activity, an interesting alternative to photoferroelectrics materials [202] [203] [204] . Coupled with molecular confinement, the promising use of polarized 1D nanotubes for photocatalysis applications deserves to be explored experimentally.
